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Abstract
A simultaneous fit of parton distribution functions (PDFs) and electroweak pa-
rameters to HERA data on deep inelastic scattering is presented. The input
data are the neutral current and charged current inclusive cross sections which
were previously used in the QCD analysis leading to the HERAPDF2.0 PDFs.
In addition, the polarisation of the electron beam was taken into account for
the ZEUS data recorded between 2004 and 2007. Results on the vector and
axial-vector couplings of the Z boson to u- and d-type quarks, on the value of
the electroweak mixing angle and the mass of the W boson are presented. The
values obtained for the electroweak parameters are in agreement with Standard
Model predictions.
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1 Introduction
Data on deep inelastic scattering (DIS) of leptons from nucleons have been used for many
years in many ways to test the Standard Model (SM) of the electroweak and strong
interactions [1] and have been fundamental in unravelling the structure of nucleons. The
electron–proton, ep, collider HERA extended the reach in the four-momentum-transfer
squared, Q2, and in Bjorken x by several orders of magnitude with respect to previous
fixed-target experiments [2]. At HERA, the values of Q2 extend up to 50 000 GeV2, where
the Z-exchange contribution is comparable to that of the photon exchange. This, together
with the longitudinal polarisation of the electrons 1 in the beam, have made a significant
test of the couplings of the Z to the quarks possible. The on-shell value of the electroweak
mixing angle, sin2 θW , and of the mass of the W boson, MW , were also determined via a
combined QCD and electroweak analysis.
The HERA collider was operated in two phases, HERA I: 1992–2000 and HERA II: 2003–
2007. During the HERA II phase, the electron beams were longitudinally polarised to
a level between 25% and 35%. A combination of all ZEUS and H1 inclusive data for
zero polarisation was published and subject to a detailed QCD analysis [3], yielding the
parton distribution function (PDF) set HERAPDF2.0 and its variants. For the analysis
presented here, the ZEUS HERAII data taken at the centre-of-mass energy of 318GeV
were used separated into sets with positive and negative polarisation as published by
the ZEUS collaboration [4–7]. All other data sets were used as originally published by
H1 [8–15] and ZEUS [16–23] for unpolarised beams.
2 Standard Model formalism
Inclusive deep inelastic ep scattering can be described in terms of the kinematic variables
Q2, xBj and y. The negative four-momentum-transfer squared, Q
2, is defined as Q2 =
−q2 = −(k−k′)2, where k and k′ are the four-momenta of the incoming and the scattered
electron, respectively. The Bjorken scaling variable, xBj, is defined as xBj = Q
2/2P · q,
where P is the four-momentum of the incoming proton. In the quark-parton model (QPM)
the kinematic variable xBj is equal to the fractional momentum of the struck quark, x.
The fraction of the electron energy transferred to the proton in the rest frame of the
proton is given by y = P · q/P · k. At HERA energies, the masses of the incoming
electrons (protons) with energies Ee (Ep) can be neglected and the variables Q
2, xBj
and y are related as Q2 = sxBjy, where s = 4EeEp is the square of the electron–proton
centre-of-mass energy.
1 In this paper, the word “electron” refers to both electrons and positrons, unless otherwise stated.
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The components of the Standard Model necessary to describe the data are the electroweak
(EW) theory and perturbative Quantum Chromo Dynamics (pQCD). At leading order,
the EW theory supplies the cross sections for electron scattering from partons with electric
charge, i.e. the quarks. The EW theory is subject to pQCD corrections, which already at
next-to-leading order make the electron scattering sensitive to the gluons in the proton.
The dynamics of the partons, quarks and gluons, are described via their PDFs. The
PDFs provide the probability of finding a given parton with a momentum fraction x for
an interaction at a given factorisation scale, µf , which is usually chosen to be Q
2. In
pQCD, the PDFs evolve with Q2 depending on the order of the strong coupling constant,
αs, at which the perturbative series is truncated. The analysis presented in this paper
was performed at next-to-leading order (NLO) in pQCD.
The ep cross sections measured at HERA were published after they were corrected for
leading order (LO) quantum-electrodynamic (QED) radiative effects. These are domi-
nated by initial- and final-state photon emission by the electron.
The neutral current (NC) cross section at all orders of pQCD for e±p scattering can be
written as [1]
d2σNC(e
±p)
dxBjdQ2
=
2piα2
xBjQ4
[Y+ F˜2(xBj, Q
2)∓ Y− xF˜3(xBj, Q2)− y2F˜L(xBj, Q2)], (1)
where α is the fine-structure constant, Y± = 1 ± (1 − y)2 and F˜2(xBj, Q2), xF˜3(xBj, Q2)
and F˜L(xBj, Q
2) are generalised structure functions. The sign in front of the xF˜3 term is
taken as positive for electrons and negative for positrons.
The F˜2 term in Eq. 1 is dominant at low Q
2, where only the photon exchange is important.
The longitudinal structure function F˜L is only significant at very low Q
2 and irrelevant
for this analysis. The xF˜3 term starts to contribute significantly to the cross section at
Q2 values approaching the mass of the Z-boson squared, M2Z . The latter originates from
γ/Z interference and Z exchange and results in a decrease (increase) of the e+p (e−p)
cross sections, respectively.
The data were published as reduced cross sections which were defined for e−p and e+p
NC scattering as
σe
±p
r,NC =
xBjQ
4
2piα20
1
Y+
d2σ(e±p)
dxBjdQ2
= F˜2(xBj, Q
2)∓ Y−
Y+
xF˜3(xBj, Q
2)− y
2
Y+
FL(xBj, Q
2). (2)
In this definition, the fine-structure constant is fixed to α0, i.e. at scale zero. The QED
corrections applied to the data use a running α to correct the data accordingly.
The generalised structure functions depend on the longitudinal polarisation of the electron
beam, which is defined as
Pe =
NR −NL
NR +NL
, (3)
2
where NR and NL are the numbers of right- and left-handed electrons in the beam.
In all orders, the functions F˜2
±
and xF˜3
±
can be split into structure-function terms
depending on γ exchange (F γ2 ), Z exchange (F
Z
2 , xF
Z
3 ) and γ/Z interference (F
γZ
2 , xF
γZ
3 )
as
F˜2
±
= F γ2 − (ve ± Peae)χZF γZ2 + (v2e + a2e ± 2Peveae)χ2ZFZ2 , (4)
xF˜3
±
= −(ae ± Peve)χZxF γZ3 + (2veae ± Pe(v2e + a2e))χ2ZxFZ3 , (5)
where χZ is the relative strength of Z exchange with respect to photon exchange. These
structure functions depend on the vector and axial-vector couplings of the Z boson to
the electron. The SM predictions for these couplings are ve = −1/2 + 2 sin2 θW and
ae = −1/2. The on-shell definition of sin2 θW = 1−M2W/M2Z was chosen for the analysis.
In the on-shell scheme, this definition is valid to all orders and MW becomes
MW =
A0
sin2 θW
√
(1−∆R)
, (6)
where A0 =
√
piα0/
√
2GF = 37.28039GeV is a constant [24], GF is the Fermi coupling
constant and ∆R accounts for radiative corrections, the running of α and bosonic loop
corrections dominated by the influence of the mass of the top quark [24].
The relative strength of Z exchange with respect to γ exchange depends on the on-shell
sin2 θW and ∆R as
χZ =
1
sin2 2θW
Q2
M2Z +Q
2
1
1−∆R , (7)
where MZ is the pole mass of the Z boson. The value of χZ is 0.03 at Q
2 = 185GeV2, the
lowest value of Q2 for which ZEUS published inclusive NC cross sections with polarised
beams and increases to 1.1 at Q2 = 50 000GeV2. Since from Eqs. 4 and 5 polarisation
only enters the structure functions via terms proportional to χZ or χ
2
Z , it is evident that
beam polarisation predominantly affects the cross sections at high Q2.
Although this analysis was performed at NLO in QCD, the dominant contributions of the
data sets can be identified by considering the structure functions in the framework of the
QPM. In this framework, the structure functions can be written in terms of sums and
differences of the quark and anti-quark PDFs as
[F γ2 , F
γZ
2 , F
Z
2 ] =
∑
q
[e2q, 2eqvq, v
2
q + a
2
q ]x(q + q¯), (8)
[xF γZ3 , xF
Z
3 ] =
∑
q
[eqaq, vqaq]2x(q − q¯), (9)
3
where vq and aq are the respective vector and axial-vector couplings of the quark q to
the Z boson, and eq is the electric charge of the quark. The PDFs of the quarks and
anti-quarks are denoted q and q¯, respectively.
At any order in pQCD, all quarks kinematically accessible at HERA, i.e. all quarks except
the top quark, have to be considered in Eqs. 8 and 9, but the sums are dominated by u-
and d-quark contributions. It is assumed throughout the analysis that all u-type quarks
have the same couplings, as do all d-type quarks. The SM predictions for the couplings
are vu = 1/2− 4/3 sin2 θW , au = 1/2 and vd = −1/2 + 2/3 sin2 θW , ad = −1/2.
For most of the HERA phase space, χ2Z ≪ χZ and thus the influence of pure Z exchange
is small. In addition, ve ≈ 0.04 is small. Thus in Eqs. 4 and 5 the axial-vector couplings
are determined predominantly through the term −aeχZxF γZ3 and the vector couplings
through the term −PeaeχZF γZ2 . Thus the data obtained with polarised electron beams
are crucial for a precise determination of the vector couplings. Nevertheless, it is the
combination of all data that provides the final precision.
The charged current (CC) cross sections provide direct information on MW . Taking
polarisation into account, they can be written as
d2σCC(e
+p)
dxBjdQ2
= (1 + Pe)
G2FM
4
W
2pixBj(Q2 +M2W )
2
x [(u¯+ c¯) + (1− y)2(d+ s+ b)] , (10)
d2σCC(e
−p)
dxBjdQ2
= (1− Pe)
G2FM
4
W
2pixBj(Q2 +M2W )
2
x [(u+ c) + (1− y)2(d¯+ s¯+ b¯)] . (11)
It follows from Eq. 6 that the coupling GF can be rewritten in terms of sin
2 θW and MW
as
GF =
piα0√
2 sin2 θW M
2
W
1
1−∆R . (12)
Substituting GF into Eqs. 10 and 11 parameterises the dependence of the CC cross sections
on sin2 θW .
3 Experimental setup
The analysis is based on inclusive cross sections for ep scattering published by the H1 [8–
15] and ZEUS [4–7, 16–23] collaborations for both the HERA II and HERA I periods. A
description of all data sets, including their respective integrated luminosities was published
previously [3]. All data sets were taken as input individually; data sets were not combined,
in contrast to the HERAPDF2.0 analysis.
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Polarised beams were available for the HERA II period from 2003 to 2007 when the
electron beam energy was Ee = 27.5 GeV and the proton beam was Ep = 920 GeV, cor-
responding to a centre-of-mass energy of 318GeV. The information on beam polarisation
was used in this analysis for the corresponding ZEUS HERAII data sets; the H1 HERAII
data sets were used as published for zero polarisation. The kinematic range of these ZEUS
HERAII data, see Table 1, is 185 < Q2 < 51 200GeV2, 0.0063 < xBj < 0.75 for NC and
200 < Q2 < 60 000GeV2, 0.0078 < xBj < 1.0 for CC interactions.
The electron beam in HERA became naturally transversely polarised through the Sokolov-
Ternov effect [25]. The characteristic build-up time in HERA was approximately 40
minutes. Spin rotators on either side of the ZEUS detector changed the transverse po-
larisation of the beam into longitudinal polarisation in front of the interaction point and
subsequently back to transverse polarisation. The electron-beam polarisation was mea-
sured using two independent polarimeters, the transverse polarimeter (TPOL) [26, 27]
and the longitudinal polarimeter (LPOL) [28]. Both devices exploited the spin-dependent
cross section for Compton scattering of circularly polarised photons from electrons. The
luminosity and polarisation measurements were made over time scales that were much
shorter than the polarisation build-up time.
The total integrated luminosity for the ZEUS HERAII samples is about 300 pb−1. The
data were almost evenly divided between positive and negative beam polarisation. The
ZEUS cross sections for polarised electron beams were published previously [4–7]. For
this analysis, the polarisation values were corrected using the final information on the
polarimeters [29]. The relevant data sets and their polarisation values are listed in Table 1.
The polarisation values do not differ by more than 0.3% from the previously published
values for any data set. The uncertainties on the integrated luminosities for all ZEUS
HERAII samples were also re-evaluated using the final understanding of the luminosity
system [30]. The uncertainty is 1.8% for almost all data taking periods. The uncorrelated
part of this uncertainty is 1%.
4 Combined QCD and EW analysis
The analysis presented here was performed at NLO in QCD. The DGLAP [31–35] for-
malism was used to describe the evolution of the PDFs with Q2. The PDFs were param-
eterised at a starting scale of 1.9GeV2. The analysis followed the method used to extract
the set of PDFs called HERAPDF2.0 [3] and its variants. The cross sections as predicted
by perturbative QCD were fitted to the measured cross sections and PDF parameters
were determined through χ2 minimisation. The fits were performed with the ZEUSFitter
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package 2 and cross-checked with the HERAFitter [37] package.
To extract electroweak parameters, either the couplings of the Z boson to the u- and d-
type quarks or sin2 θW and MW were additional free parameters in the fit. The resulting
PDFs are called ZEUS-EW.
The PDG14 [24] valueMZ = 91.1876GeV was used throughout the analysis. The PDG14
on-shell value of sin2 θW = 0.22333 [24] and the corresponding SM couplings of the Z
boson to u- and d-type quarks were used unless these quantities were free parameters
in the fits. The vector couplings of the Z boson to electrons were calculated with the
PDG14 on-shell value of sin2 θW and kept fixed throughout the analysis unless sin
2 θW
was a free parameter. In that case, all couplings of the Z were recalculated according to
the SM formulas. The PDG14 value of MW = 80.385GeV was used unless MW was a
free parameter. The PDG14 value of GF = 1.1663787 · 10−5GeV−2 was used unless MW
or sin2 θW were free parameters in the fit, see Eq. 12.
Only data with Q2 ≥ 3.5GeV2 were considered in the analysis. This gives 2942 cross-
section points, of which 501 (360 NC and 141 CC) are cross sections measured by ZEUS for
polarised beams. Detailed information on these ZEUS data on cross sections for polarised
beams are given 3 in Table 1. The number of cross sections used as input to the analysis
presented here is much larger than for HERAPDF2.0, because the data sets from ZEUS
and H1 were not combined and, in addition, polarisation was considered for the ZEUS
data sets as listed in Table 1 doubling the cross-section values for these data sets.
All QCD parameters and settings entering the analysis were chosen as for HERAPDF2.0
unless explicitly stated. The experimental uncertainty, denoted “experimental/fit” in the
following, is the uncertainty determined by the fit using the Hessian method. The model
uncertainties were computed exactly as for HERAPDF2.0, except for the strange-sea
contribution, which was assumed to be a fixed fraction of the d-type sea.
The PDFs parameterised are the gluon distribution, xg, and the quark distributions in
the general form
xf(x) = AxB(1− x)C(1 +Dx+ Ex2) . (13)
The quark distributions are the valence-quark distributions, xuv, xdv, and the u-type and
d-type anti-quark distributions, xU¯ , xD¯. The relations xU¯ = xu¯ and xD¯ = xd¯ + xs¯ are
assumed at the starting scale. A detailed discussion on this parameterisation ansatz can
be found in the HERAPDF2.0 publication [3]. A slight deviation from the HERAPDF2.0
analysis is the reduction from 14 to 13 PDF parameters as described below.
2 The ZEUSFitter package was previously used to extract the PDF sets of HERAPDF1.0 [36] and to
cross check the HERAPDF2.0 fits.
3 The data sets were listed as ZEUS NC and ZEUS CC for HERA II Ep = 920 GeV in Table 1 of a
previous publication [3].
6
The parameterisation of the proton PDFs chosen for ZEUS-EW is
xg(x) = Agx
Bg(1− x)Cg − A′gxB
′
g(1− x)C′g , (14)
xuv(x) = Auvx
Buv (1− x)Cuv
(
1 + Euvx
2
)
, (15)
xdv(x) = Advx
Bdv (1− x)Cdv , (16)
xU¯(x) = AU¯x
BU¯ (1− x)CU¯ , (17)
xD¯(x) = AD¯x
BD¯(1− x)CD¯ . (18)
The normalisation parameters, Auv , Adv , Ag, are constrained by the quark-number sum
rules and the momentum sum rule. The parameters BU¯ and BD¯ were replaced by a single
B parameter for the sea distributions. The strange-quark distribution is expressed as
an x-independent fraction, fs, of the d-type sea, xs¯ = 0.4 xD¯ at the starting scale. The
parameter C ′g is fixed to C
′
g = 25 [38]. The reduction to 13 parameters was implemented
by replacing xU¯(x) = AU¯x
BU¯ (1 − x)CU¯ (1 +DU¯x) used for HERAPDF2.0 with Eq. 17.
The reduction to 13 PDF parameters for ZEUS-EW greatly improved the stability of the
fits necessary to determine the parameterisation uncertainties.
A 13-parameter fit with fixed SM Z couplings, sin2 θW and MW , called ZEUS-13p, was
performed as a reference. A fit with 13+4 parameters, called ZEUS-EW-Z, was used to
extract the four couplings of the Z to u- and d-type quarks. Two (13+1)-parameter fits
called ZEUS-EW-S and ZEUS-EW-W were used to extract sin2 θW and MW separately,
while keeping the other one fixed. In addition, a (13+2)-parameter fit called ZEUS-EW-
S-W was performed to extract simultaneously sin2 θW and MW . As cross-checks, fits in
which the PDF parameters were fixed to ZEUS-13p and only the electroweak parameters
were allowed to vary were also performed.
The parameterisation uncertainties for all fits were obtained by adding extra D and E
parameters one by one to the fit. It was checked whether this caused a significant change
in the result on the EW parameters. It turned out that only adding back the parameter
DU¯ or adding the parameter Dg resulted in significant differences. If a (14+4)-parameter
fit including the parameter DU¯ would have been chosen for ZEUS-EW, the determination
of the parameterisation uncertainties would have required (15+4)-parameter fits. Such
fits were found to be too unstable to provide reliable uncertainties.
The parameter DU¯ was added for the extraction of HERAPDF2.0 because it reduced
the overall χ2 by about 0.005 per degree of freedom to 1357/1131=1.200. The χ2 per
degree of freedom of ZEUS-13p is 3275/2929 = 1.118. If DU¯ would have been added as a
14th parameter, a reduction of χ2 similar to the reduction for HERAPDF2.0 would have
been obtained. However, the instability of the (15+4)-parameter fits was considered to
outweigh this minimal gain in χ2. The χ2/dof values of all ZEUS-EW fits are similar to
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the values for ZEUS-13p. As 14-parameter fits were used to evaluate the parameterisation
uncertainties, the uncertainties associated with the DU¯ are included.
All results were cross-checked with fits at NNLO QCD, which yielded compatible results.
However, as the EW analysis is partially at LO, see below, a treatment of the PDFs at
NLO was considered more consistent, because α2s is of the same order of magnitude as α.
The uncertainties on the polarisation as listed in Table 1 were taken into account in all
fits presented in this paper. However, it was found that the effect of these uncertainties
is negligible compared to the total experimental/fit uncertainty.
As described in Section 2, the reduced cross sections used as input to the analysis were
published by the individual collaborations after QED corrections were applied. These
corrections are mostly on the percent level, but reach 15% for a few cross sections. The
correction factors were calculated by producing Monte Carlo data sets for which radiative
corrections were either turned on or off for comparison. This was done with the program
Heracles [39] interfaced to the hadronisation programs within the program Djangoh
[40]. However, the two collaborations did not use the Heracles program with exactly
the same options. The ZEUS collaboration only corrected for LO initial- and final-state
radiation of the electron. The H1 collaboration included the effects of quark radiation and
Z self-energy [8] 4. The difference introduced by these extra contributions is, however,
always less than 1% [42]. The H1 collaboration published [8] a cross-check with the
programs Hector [43] and EPRC [41] and concluded that the uncertainties are below
2% in all of the phase space. In addition, the effect of the exchange of two or more photons
between the electron and the quarks, which was not implemented inHeracles, was found
to be negligible. The H1 collaboration included phase-space-dependent uncertainties in
the uncorrelated uncertainties of their published cross sections. The ZEUS collaboration
did not assign any uncertainties to their QED corrections. As a cross-check, an extra
uncertainty of the size assigned by H1 was also added to the uncorrelated uncertainties
on the ZEUS cross sections for polarised beams. In all cases, the effect on the extracted
EW parameters was negligible.
The published cross sections were not corrected for further electroweak effects by either
ZEUS or H1. For the analysis presented here, electroweak effects were taken into account
through ∆R as introduced in Eq. 6. It was computed with the program EPRC [41], where
weak box-diagrams, γ/Z interference and Z and W self-energies were taken into account.
The running of α, relevant for the CC cross sections, is also absorbed in ∆R.
4 The term Z self-energy denotes the influence of vacuum polarisation [41].
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5 Couplings of the Z boson to the u and d quarks
To determine the axial-vector and vector couplings of the Z to the u- and d-type quarks,
au, vu, ad, vd, the QCD predictions depending on the 13 PDF parameters plus the four
couplings were fitted simultaneously to the data. The fit as well as the resulting set of
PDFs are called ZEUS-EW-Z.
A comparison of the PDFs of ZEUS-EW-Z with full uncertainties to the central values
of the PDFs of ZEUS-13p is shown in Fig. 1. Within uncertainties, the PDFs of ZEUS-
EW-Z agree well with ZEUS-13p. The freeing of the couplings in the fit has very little
influence on the PDF parameters. The full correlation matrix is given as Table 2. The
small correlation between PDF parameters and couplings is a sign that the PDFs are
not absorbing any significant non-SM effects which could show up in the electroweak
couplings. A comparison of the PDFs of ZEUS-EW-Z to the PDFs of HERAPDF2.0 is
shown in Fig. 2. The PDFs agree well within uncertainties.
The predictions of ZEUS-EW-Z are compared to the ZEUS reduced NC cross sections in
Figs. 3 and 4 for e+p and e−p scattering, respectively. In both cases, data with positive
and negative beam polarisation are shown separately. ZEUS-EW-Z describes the data
well.
The values of the couplings were determined in the simultaneous fit as
au = +0.50
+0.09
−0.05 (experimental/fit)
+0.04
−0.02 (model)
+0.08
−0.01 (parameterisation) ,
ad = −0.56 +0.34−0.14 (experimental/fit) +0.11−0.05 (model) +0.20−0.00 (parameterisation) ,
vu = +0.14
+0.08
−0.08 (experimental/fit)
+0.01
−0.02 (model)
+0.00
−0.03 (parameterisation) ,
vd = −0.41 +0.24−0.16 (experimental/fit) +0.04−0.07 (model) +0.00−0.08 (parameterisation) .
They are also listed in Table 3 with their experimental/fit and total uncertainties and
compared to SM predictions. Also listed are values obtained in a fit where the only free
parameters were the Z couplings and the PDFs were fixed to ZEUS-13p. These values for
the couplings are compatible to those obtained by ZEUS-EW-Z. This cross-check confirms
that the determination of the Z couplings is essentially decoupled from the QCD part of
the fit.
Another fit, HPDF1, was performed with the Z couplings free and the PDFs fixed to
HERAPDF2.0 NLO. The results, also listed in Table 3, are in agreement with ZEUS-
EW-Z. It should be noted that HERAPDF2.0 was extracted using a different value of
sin2 θW . Therefore, a fit HPDF2 using this sin
2 θW value was also performed. The result
is also listed in Table 3. The values agree well within uncertainties with those from the
fit using the on-shell value.
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The correlations between the four couplings obtained in ZEUS-EW-Z are listed as part
of Table 2. Two-dimensional scans were performed to obtain so-called profile likelihood
contours. The two parameters under investigation were modified in small steps. For
each point, a fit was performed to minimise χ2 with respect to all other parameters.
The χ2-values thus calculated were used to obtain 68%C.L. contours. The results for
the couplings au, vu and ad, vd are shown in Fig. 5
5. Figure 6 shows the 68%C.L.
contour plots for au, ad and vu, vd. This illustration demonstrates very clearly that the
HERA data constrain the couplings of the Z boson to the u quark significantly better
than the couplings to the d quark. All measurements are compatible with the SM. The
parameterisation uncertainties mostly arise from the DU¯ parameter. As this parameter
is constrained to be positive, the axial-vector couplings can only increase due to these
uncertainties.
The results from ZEUS-EW-Z are compared to other measurements from LEP+SLC [44],
the Tevatron [45, 46] and from HERAI (H1) [47] in Figs. 7 and 8. The PDG14 value
obtained from these measurements is also given in Fig. 8. The ZEUS results on the
axial-vector and vector couplings to u-type quarks are the most precise published single
values.
6 Electroweak mixing angle and mass of the W boson
The SM cross sections depend on sin2 θW through three mechanisms:
1. through χz, see Eq. 7;
2. through the normalisation factor from Eqs. 10 and 11 with GF rewritten as described
in Eq. 12;
3. through the vector couplings of the Z to the quarks.
The (13+1)-parameter fit ZEUS-EW-S with MW fixed to the PDG14 value exploits all
three dependencies. It yields a value for the on-shell sin2 θW of
sin2 θW = 0.2252 ± 0.0011 (experimental/fit) +0.0003−0.0001 (model) +0.0007−0.0001 (parameterisation) .
The world average in PDG14 for the on-shell value is sin2 θW = 0.22333 ±0.00011(total).
The measurement presented here is slightly high in comparison to the world average.
The precision of this result is comparable to the experimental precision achieved in the
neutrino sector [24,48]. The advantage of the present extraction is that the nuclear effects
5 Numerical information is available as additional material for this publication.
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that have to be taken into account in the analysis of neutrino heavy-target data are not
present in ep data. A cross-check was performed with the PDF parameters fixed to ZEUS-
EW-13p. The result is sin2 θW = 0.2241 ± 0.0009 (experimental/fit), which is compatible
with the result from ZEUS-EW-S.
The three mechanisms as listed above influence the result to different degrees. The first
mechanism exploits the NC data. The influence of the second mechanism was tested
by fixing GF to its PDG14 value in Eqs. 10 and 11. This removed the influence of the
CC data and resulted in an increase of the experimental/fit uncertainty by a factor of
three. This demonstrates that both NC and CC data contribute significantly to the full
precision. The influence of the third mechanism was found to be negligible by fixing the
couplings to their SM values.
The PDFs of ZEUS-EW-S are compared to the PDFs of ZEUS-EW-Z in Fig. 9. The
two sets of PDFs agree very well. The predictions of ZEUS-EW-S are compared to the
reduced CC cross sections in Figs. 10 and 11 for e+p and e−p scattering, respectively.
In both cases, data with positive and negative beam polarisation are shown separately;
ZEUS-EW-S describes the data well.
The sin2 θW (MZ) value obtained with ZEUS-EW-S can be converted to a value of the
effective weak mixing angle [24]. The result is given in Table 4 and is shown in Fig. 12
together with the SM prediction [49] for the running of sin2 θeffW . The prediction was
computed using the boson and fermion masses and the couplings as listed in PDG14.
An additional three fits were performed with the data separated into three Q2 bins from
200 to 1000, 1000 to 5000 and 5000 to 50 000GeV2, using all data available in each range.
The scales of the measurement were taken as a log-average Q2 value of the given bin.
These bins were chosen such that the uncertainties are about equal; cross sections for
Q2 < 200GeV2 were found to be insensitive to sin2 θW . The PDF parameters were fixed
to the values determined by the ZEUS-EW-S fit. The resulting on-shell sin2 θW values and
the corresponding [49] values of sin2 θeffW are listed in Table 4 together with the values for all
data. Also listed are the associated scales. Uncertainties are given for the fits themselves
and due to the PDF parameters, model and parameterisation uncertainties added in
quadrature, as determined by ZEUS-EW-S. The corresponding effective sin2 θW values are
shown together with the result from ZEUS-EW-S in Fig. 12. Also shown are measurements
from LEP+SLC [44], D0 [50], CDF [51], CMS [52], ATLAS [53] and LHCb [54], all at
the scale of the Z mass, as well as a fixed-target neutrino–nucleon measurement from
NuTeV [48], a fixed target electron–electron measurement from E158 [55] and the result
from atomic caesium [56–58] at lower scales. This is the first time that data from a single
experimental configuration were used to determine sin2 θW at different scales. The result
is compatible with the predicted running of the effective sin2 θW .
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The mass of the W boson was determined by a fit called ZEUS-EW-W with 13 free PDF
parameters and, in addition, MW as a free parameter. The CC cross sections depend
directly on MW as shown in Eqs. 10 and 11. However, with GF rewritten as in Eq. 12,
the NC data also contribute to the fit. The value extracted for MW is
MW = 80.68 ± 0.28 (experimental/fit) +0.12−0.01 (model) +0.23−0.01 (parameterisation)GeV .
This t-channel determination is in agreement with the PDG14 value of 80.385±0.015GeV,
which is dominated by s-channel processes. The result presented here is a substantial
improvement compared to a result published by H1 using HERA I data [47].
Finally, a fit ZEUS-EW-S-W was performed with 13 free PDF parameters and both
sin2 θW and MW as free parameters and with GF rewritten as described in Eq. 12. The
resulting values are
sin2 θW = 0.2293 ± 0.0031 (experimental/fit) +0.0005−0.0001 (model) +0.0003−0.0001 (parameterisation) ,
MW = 79.30 ± 0.76 (experimental/fit) +0.38−0.08 (model) +0.48−0.10 (parameterisation)GeV .
The uncertainties on sin2 θW and MW are substantially larger than for the determination
through ZEUS-EW-S and ZEUS-EW-W. The values are compatible within these uncer-
tainties. The correlation between the EW parameters and the PDF parameters is small.
The correlation between MW and sin
2 θW is −0.930. The 68%C.L. contour in the (MW ,
sin2 θW ) plane with experimental/fit, model and parameterisation uncertainties plotted
separately is shown in Fig. 13. Also shown is the 95%C.L. contour with experimental/fit
uncertainties only. The world average from PDG14 is shown as a reference. The values
for (sin2 θW ,MW ) are within 2 sigma of the world average.
7 Summary and conclusions
A combined QCD and electroweak analysis was performed based on all HERA ep inclusive
scattering data, exploiting the beam polarisation for ZEUS data taken during the years
2004 to 2007 during the HERA II period with a centre-of-mass energy of 318GeV. The
kinematic range of these ZEUS HERAII data is 185 < Q2 < 51 200GeV2, 0.0063 < xBj <
0.75 for NC and 200 < Q2 < 60 000GeV2, 0.0078 < xBj < 1.0 for CC interactions.
The couplings of the Z boson to u- and d-type quarks were determined by a QCD plus EW
fit with 13 parameters for the PDFs and 4 parameters for the Z couplings. The resulting
set of PDFs is compatible with a 13-parameter QCD-only fit and HERAPDF2.0. The
correlations between the PDF and coupling parameters are small.
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The results for the axial-vector and vector coupling of the Z boson to u- and d-type quarks
are
au = +0.50
+0.09
−0.05 (experimental/fit)
+0.04
−0.02 (model)
+0.08
−0.01 (parameterisation) ,
ad = −0.56 +0.34−0.14 (experimental/fit) +0.11−0.05 (model) +0.20−0.00 (parameterisation) ,
vu = +0.14
+0.08
−0.08 (experimental/fit)
+0.01
−0.02 (model)
+0.00
−0.03 (parameterisation) ,
vd = −0.41 +0.24−0.16 (experimental/fit) +0.04−0.07 (model) +0.00−0.08 (parameterisation) .
The values of MW and sin
2 θW in the on-shell scheme were extracted with (13+1)-
parameter fits. The value extracted for MW is
MW = 80.68 ± 0.28 (experimental/fit) +0.12−0.01 (model) +0.23−0.01 (parameterisation)GeV .
The on-shell value of sin2 θW was determined as
sin2 θW = 0.2252 ± 0.0011 (experimental/fit) +0.0003−0.0001 (model) +0.0007−0.0001 (parameterisation) .
The determination of sin2 θW is competitive with results obtained in the neutrino sector.
In addition, the data were subdivided such that values of the effective sin2 θeffW for three
different values of the scale could be determined. The values of sin2 θW andMW as well as
of the couplings of the Z boson are in agreement with Standard Model expectations. The
values of the axial-vector and vector couplings of the Z boson to u-type quarks presented
in this paper are the most precise determination published by a single collaboration.
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Data Set xBj Q
2[GeV2] e+/e− points L Pe Ref.
process year from to from to pb−1
NC 06-07 0.0063 0.75 185 50000 e+p 90 78.8±1.4 +0.316 ± 0.013 [5]
90 56.7±1.1 −0.353 ± 0.014
CC 06-07 0.0078 1.00 280 50000 e+p 35 75.8±1.4 +0.327 ± 0.012 [7]
35 56.0±1.1 −0.358 ± 0.014
NC 05-06 0.0063 0.75 185 51200 e−p 90 71.2±1.3 +0.289 ± 0.011 [4]
90 98.7±1.8 −0.262 ± 0.011
CC 04-06 0.010 1.00 200 60000 e−p 34 71.0±1.3 +0.296 ± 0.011 [6]
37 104.0±1.9 −0.267 ± 0.011
Table 1: The four ZEUS data sets, for which polarisation was taken into account.
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Parameters xg: B xg: C xg: A
′
xg: B
′
xuv : B xuv: C xuv: E xdv: B xdv : C xU¯ : C xD¯: A xD¯: B xD¯: C au ad vu vd
xg: B 1.000 −0.014 −0.449 0.824 −0.216 0.172 0.250 −0.084 −0.085 −0.098 −0.107 −0.136 0.046 0.025 0.003 0.015 0.018
xg: C −0.014 1.000 0.831 0.457 0.341 −0.373 −0.550 0.010 0.296 −0.018 −0.082 −0.103 −0.434 0.105 0.095 −0.098 −0.111
xg: A
′
−0.449 0.831 1.000 0.120 0.548 −0.404 −0.629 0.233 0.274 0.159 0.081 0.072 −0.148 −0.052 0.000 −0.043 −0.054
xg: B
′
0.824 0.457 0.120 1.000 0.106 −0.037 −0.082 0.075 0.047 0.043 0.011 −0.014 0.012 −0.029 −0.011 −0.001 −0.002
xuv: B −0.216 0.341 0.548 0.106 1.000 −0.409 −0.774 0.465 −0.086 0.690 0.476 0.395 0.439 −0.360 −0.178 0.079 0.070
xuv: C 0.172 −0.373 −0.404 −0.037 −0.409 1.000 0.828 −0.297 −0.235 −0.188 −0.095 −0.069 −0.040 0.110 0.029 0.040 0.028
xuv: E 0.250 −0.550 −0.629 −0.082 −0.774 0.828 1.000 −0.296 −0.066 −0.363 −0.170 −0.117 −0.092 0.192 0.087 −0.023 −0.017
xdv: B −0.084 0.010 0.233 0.075 0.465 −0.297 −0.296 1.000 0.518 0.405 0.350 0.291 0.673 −0.335 −0.134 0.038 0.021
xdv: C −0.085 0.296 0.274 0.047 −0.086 −0.235 −0.066 0.518 1.000 −0.137 −0.186 −0.193 −0.139 0.110 0.128 −0.101 −0.128
xU¯ : C −0.098 −0.018 0.159 0.043 0.690 −0.188 −0.363 0.405 −0.137 1.000 0.673 0.635 0.329 −0.320 −0.137 0.055 0.052
xD¯: A −0.107 −0.082 0.081 0.011 0.476 −0.095 −0.170 0.350 −0.186 0.673 1.000 0.959 0.477 −0.272 −0.137 0.056 0.059
xD¯: B −0.136 −0.103 0.072 −0.014 0.395 −0.069 −0.117 0.291 −0.193 0.635 0.959 1.000 0.415 −0.239 −0.120 0.047 0.053
xD¯: C 0.046 −0.434 −0.148 0.012 0.439 −0.040 −0.092 0.673 −0.139 0.329 0.477 0.415 1.000 −0.449 −0.271 0.148 0.153
au 0.025 0.105 −0.052 −0.029 −0.360 0.110 0.192 −0.335 0.110 −0.320 −0.272 −0.239 −0.449 1.000 0.861 −0.555 −0.729
ad 0.003 0.095 0.000 −0.011 −0.178 0.029 0.087 −0.134 0.128 −0.137 −0.137 −0.120 −0.271 0.861 1.000 −0.636 −0.880
vu 0.015 −0.098 −0.043 −0.001 0.079 0.040 −0.023 0.038 −0.101 0.055 0.056 0.047 0.148 −0.555 −0.636 1.000 0.851
vd 0.018 −0.111 −0.054 −0.002 0.070 0.028 −0.017 0.021 −0.128 0.052 0.059 0.053 0.153 −0.729 −0.880 0.851 1.000
Table 2: The correlation matrix of all parameters of the ZEUS-EW-Z fit.
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au exp tot ad exp tot vu exp tot vd exp tot
EW-Z +0.50 +0.09
−0.05
+0.12
−0.05 −0.56
+0.34
−0.14
+0.41
−0.15 +0.14
+0.08
−0.08
+0.09
−0.09 −0.41
+0.24
−0.16
+0.25
−0.20
13p +0.49 +0.07
−0.04 −0.57
+0.30
−0.13 +0.15
+0.08
−0.08 −0.40
+0.22
−0.17
HPDF1 +0.47 +0.06
−0.03 −0.62
+0.23
−0.11 +0.16
+0.08
−0.08 −0.35
+0.22
−0.19
HPDF2 +0.49 +0.06
−0.03 −0.63
+0.24
−0.11 +0.15
+0.08
−0.08 −0.36
+0.22
−0.19
SM +0.50 −0.50 +0.20 −0.35
Table 3: The results on the axial-vector and vector couplings of the Z boson
to u- and d-type quarks from ZEUS-EW-Z. Given are the experimental/fit (exp)
and total (tot) uncertainties. Also listed are results of fits with the PDFs fixed to
ZEUS-13p and HERAPDF2.0, HPDF1 and HPDF2, for which only the couplings
of the Z were free parameters. The HPDF1 fit was performed with the on-shell
value of sin2 θW used in the fit while HPDF2 was performed with the sin
2 θW value
used for the extraction of HERAPDF2.0. Also listed are the predictions of the SM
for the a and v couplings in the on-shell scheme.
bin Q2min Q
2
max scale sin
2 θW exp sin
2 θeff
W
exp PDF
(GeV2) (GeV2) (GeV) on-shell unc. effective unc. unc.
1 200 1000 22.3 0.2254 ±0.0020 0.2352 ±0.0020 +0.0020
−0.0012
2 1000 5000 49.9 0.2251 ±0.0014 0.2339 ±0.0015 +0.0014
−0.0008
3 5000 50000 139.8 0.2240 ±0.0026 0.2323 ±0.0026 +0.0025
−0.0015
All Data MZ 0.2252 ±0.0011 0.2335 ±0.0011
+0.0008
−0.0004
Table 4: The on-shell and effective values of sin2 θW as determined for three bins
in Q2 and for all data. Experimental/fit (exp) uncertainties are given as deter-
mined by the one-parameter fits for each bin or ZEUS-EW-S, respectively; model
and parameterisation uncertainties as determined by ZEUS-EW-S were added in
quadrature and are denoted as PDF uncertainties. They are identical for on-shell
and effective values at the accuracy given.
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Figure 1: The PDF set ZEUS-EW-Z with cumulative experimental/fit, model
and parameterisation uncertainties at the factorisation scale µ2f = 10GeV
2. All
positive and negative model uncertainties were added separately in quadrature. The
parameterisation uncertainty represents an envelope of all individual parameterisa-
tion uncertainties. Also shown are the central values of the reference fit ZEUS-13p.
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Figure 2: The PDF set ZEUS-EW-Z with cumulative experimental/fit, model
and parameterisation uncertainties at the factorisation scale µ2f = 10GeV
2. Also
shown are the central values of HERAPDF2.0 NLO. Other details as in Fig. 1.
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Figure 3: The predictions of ZEUS-EW-Z compared to the e+p NC DIS reduced
cross-section σ+r,NC for positively and negatively polarised beams plotted as a func-
tion of x at fixed Q2. The closed (open) circles represent the ZEUS data for positive
(negative) polarisation. The bands indicate the full uncertainty on the predictions
of ZEUS-EW-Z.
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Figure 4: The predictions of ZEUS-EW-Z compared to the e−p NC DIS reduced
cross-section σ−r,NC for positively and negatively polarised beams plotted as a func-
tion of x at fixed Q2. The closed (open) circles represent the ZEUS data for positive
(negative) polarisation. The bands indicate the full uncertainty on the predictions
of ZEUS-EW-Z.
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Figure 5: The 68%C.L. contours for (ad, vd) and (au, vu) obtained for the ZEUS-
EW-Z fit.
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Figure 6: The 68%C.L. contours for (au, ad) and (vu, vd) obtained for the ZEUS-
EW-Z fit.
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Figure 7: The 68%C.L. contours for (ad, vd) and (au, vu) obtained for the ZEUS-
EW-Z fit. Also shown are results from LEP (ALEPH, OPAL, L3 and DELPHI)
plus SLC (SLD) combined, the Tevatron (CDF and D0), and HERA I (H1).
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Figure 8: The values obtained by the ZEUS-EW-Z fit for ad, au, vd and vu com-
pared to results from LEP (ALEPH, OPAL, L3 and DELPHI) plus SLC (SLD)
combined, the Tevatron (CDF and D0), and HERA I (H1) and the world average
from these individual measurements as given by PDG14. Vertical black lines in each
box indicate central values, the long gray vertical lines indicate the SM predictions.
The ZEUS-EW-Z result is given with total uncertainties.
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Figure 9: The PDF set ZEUS-EW-S with cumulative experimental/fit, model
and parameterisation uncertainties at the factorisation scale µ2f = 10GeV
2. Also
shown are the central values of ZEUS-EW-Z. Other details as in Fig. 1.
28
00.5
1
1.5
2
0
0.2
0.4
0.6
ZEUS
σ
r,
 C
C
Q2 = 280 GeV2
+
Q2 = 530 GeV2 Q2 = 950 GeV2 Q2 = 1700 GeV2
Q2 = 3000 GeV2
10-110-2
Q2 = 5300 GeV2
10-2 10-1
Q2 = 9500 GeV2
10-2 10-1
Q2 = 17000 GeV2
xBj
10-2 10-1
Q2 = 30000 GeV2
xBj
ZEUS CC e+p
76 pb–1, Pe = + 0.33
56 pb–1, Pe = – 0.36
ZEUS-EW-W
Pe = – 0.36
Pe = + 0.33
0
0.02
0.04
Figure 10: The predictions of ZEUS-EW-S compared to the e+p CC DIS reduced
cross-section σ+r,CC for positively and negatively polarised beams plotted as a function
of x at fixed Q2. The closed (open) circles represent the ZEUS data for positive
(negative) polarisation. The bands indicate the full uncertainty on the predictions
of ZEUS-EW-S.
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Figure 11: The predictions of ZEUS-EW-S compared to the e−p CC DIS reduced
cross-section σ−r,CC for positively and negatively polarised beams plotted as a function
of x at fixed Q2. The closed (open) circles represent the ZEUS data for positive
(negative) polarisation. The bands indicate the full uncertainty on the predictions
of ZEUS-EW-S.
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Figure 12: The scale dependence of sin2 θeffW . The result of ZEUS-EW-S is shown
as a cross with the error bar representing the total uncertainty. The result in three
bins with the 13 PDF parameters fixed to ZEUS-EW-S are shown as diamonds
with experimental/fit and PDF uncertainties (inner and outer error bars). The
band represents the SM prediction for the running of the effective sin2 θW for the
world average parameters as listed in PDG14. The results from LEP+SLC, CDF,
D0, ATLAS, CMS and LHCb are at the scale of the mass of the Z and horizontally
displaced for better visibility. The fixed-target experiments NuTeV and E158 and
the determination from atomic caesium, Qw(Cs), provide values at substantially
lower scales.
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Figure 13: The cumulative 68%C.L. contour for (MW , sin
2 θW ) for the ZEUS-
EW-S-W fit with experimental/fit, model and parameterisation uncertainties plot-
ted separately and the 95%C.L. contour with experimental/fit uncertainties. Also
shown is the world average from PDG14.
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